Initiating the gain process in a free-electron laser (FEL) from an external highly coherent source of radiation is a promising way to improve the pulse properties such as temporal coherence and synchronization performance in time-resolved pump-probe experiments at FEL facilities, but this so-called ''seeding'' suffers from the lack of adequate sources at short wavelengths. We report on the first successful seeding at a wavelength as short as 38.2 nm, resulting in GW-level, coherent FEL radiation pulses at this wavelength as well as significant second harmonic emission at 19.1 nm. The external seed pulses are about 1 order of magnitude shorter compared to previous experiments allowing an ultimate time resolution for the investigation of dynamic processes enabling breakthroughs in ultrafast science with FELs. The seeding pulse is the 21st harmonic of an 800-nm, 15-fs (rms) laser pulse generated in an argon medium. Methods for finding the overlap of seed pulses with electron bunches in spatial, longitudinal, and spectral dimensions are discussed and results are presented. The experiment was conducted at FLASH, the FEL user facility at DESY in Hamburg, Germany. The invention of high-gain free-electron lasers (FEL) and the realization of FEL facilities producing ultrashort, intense radiation pulses from the extreme ultraviolet (EUV) to the hard x-ray spectral range have opened completely new opportunities for studies of dynamical processes at the atomic level. Such light sources, among them the Free-electron LASer in Hamburg (FLASH) [1], the FERMI@Elettra facility [2], the Linear Coherent Light Source (LCLS) [3] , or the SPring-8 Angstrom Compact free-electron LAser (SACLA) [4] have the ability to generate x-ray pulses with up to 10 13 photons within a pulse duration of only a few tens of femtoseconds [1, 3] . However, compared to conventional lasers, the degree of temporal, i.e., longitudinal, coherence of an FEL is rather low when operated in the so-called self-amplified spontaneous emission (SASE) mode [5, 6] . The reason is found in the stochastic nature of the spontaneous undulator radiation which is used to induce the FEL amplification process. Different schemes have been proposed in the past to overcome this limitation [7] [8] [9] [10] [11] [12] [13] . Most of them use external lasers either to manipulate the position-andmomentum phase-space distribution of the electrons [9, 13] or to directly act as a seed for the FEL amplification process (direct FEL seeding) [10] . The arrival time of the femtosecond FEL pulses fluctuates from pulse to pulse relative to a synchronized external optical signal. This fluctuation is caused by arrival-time variations of the electron bunches at the undulators, the SASE process itself, and the limited ability to synchronize the external laser pulse to the electron bunch [14] [15] [16] . In order to achieve highest time resolution for dynamic studies in opticalpump-FEL-probe schemes, one could either reduce the arrival-time fluctuations below the duration of the pump and probe pulses or measure the arrival time of the FEL pulses on a shot-to-shot basis [17, 18] and sort the data accordingly [19] [20] [21] . A common source of optical laser and EUV pulses for pump-probe experiments will greatly improve the time resolution due to the intrinsic synchronization which is one of the main advantages of an externally seeded FEL. In combination with short seed pulses, it enables, e.g., detailed studies of important ultrafast dynamics at work in molecular chemistry [22] . Up-conversion of photon frequencies by means of nonlinear high-harmonic generation (HHG) in gases [23] allows us to create coherent radiation in the EUV spectral range which can then be used to directly seed the FEL process. An extension of this approach towards shorter wavelengths, however, represents a major challenge, owing to increasing required
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The seeding experiment is performed at the FEL facility FLASH at DESY [30, 31] . The electron beam is generated in a normal-conducting radio frequency (rf) photocathode electron gun running at 1.3 GHz and is injected into a superconducting linear accelerator equipped with two bunch compressor sections. For the seeding experiment, the machine was operated in single-bunch mode, i.e., one electron bunch with a repetition rate of 10 Hz. As illustrated in Fig. 1 , the injection of the EUV beam for seeding takes place at the last dipole magnet of the electron beam collimation system. Electron beam and seed radiation are then collinearly transported into the seeding undulator [see (7) in Fig. 1 ]. Note that the FLASH SASE undulator is a different device further downstream and will not be further mentioned in this text. Additional information about the setup can be found in Ref. [32] and references therein.
The laser-driven high-harmonic source to generate the EUV radiation for seeding is described in detail in Ref. [33] . It is based on a Ti:sapphire laser system delivering pulses with an energy of 18 mJ within a pulse duration of 15 fs (rms) and a repetition rate of 10 Hz [near-infrared (NIR) laser in Fig. 1 ]. The laser oscillator of the seed laser system is electronically synchronized to the 1.3-GHz master clock of the FLASH facility [34] with a typical synchronization fluctuation of 50 fs (rms). NIR laser pulses are loosely focused with an f ¼ 1:5 m mirror in a pulsed argon medium. For the data shown in this Letter, the HHG source had a single-shot pulse energy at the 21st harmonic of 9 nJ with a stability of 10% (rms). The EUV beam is injected into the seeding undulator by remotely controlled mirrors to establish the spatial laser-electron overlap. The mirror coatings allow an optimal transport of the 21st harmonic while other wavelengths are suppressed significantly. Several diagnostic stations between the undulator modules are capable of measuring the transverse beam profile and position of the EUVand the electron beam (see Fig. 1 ). The relative timing between electron bunches and seed pulses is measured in two ways. First, synchrotron radiation from a five-period electromagnetic undulator [see (5) in Fig. 1 ] is sent into a timing diagnostic setup together with the remaining infrared light from the HHG drive laser pulse. The setup comprises a photomultiplier and a streak camera which allows us to set the temporal overlap of electron and photon pulses with approximately AE2-ps precision. To determine the relative delay to the sub-ps level, the coherent enhancement of optical undulator radiation of a second electromagnetic undulator (6) , which is tuned to the second harmonic at 400 nm, is monitored. This enhancement is initiated through an interaction of the NIR laser with the electron bunch in the first electromagnetic undulator (5), causing a periodic modulation of the electron energy. A subsequent magnetic chicane (8) converts this energy modulation into a density modulation, leading to the coherent emission of radiation at 400 nm [35] .
The seeding undulator section consists of a variable-gap planar undulator system [see (7) in Fig. 1 ] comprising three 2-m-long insertion devices with a period of 31.4 mm and one 4-m-long undulator with a period of 33 mm [36] . To separate the FEL radiation generated in the undulators from the electron beam, a mirror triplet is inserted behind the undulators, reflecting the photon beam into dedicated diagnostic beam lines with calibrated energy monitors and spectrometers, while the electrons are deflected by a short magnetic chicane to bypass the mirrors [see (9) in Fig. 1 ] [37] . Table I lists typical parameters for the electron and the seed beam. The electron beam current distribution is FIG. 1. Schematic layout of the FLASH facility. The beam direction is from left to right. The electron beam is generated in a laserdriven rf gun photo injector (1) and accelerated up to 1.25 GeV in a superconducting linear accelerator (2) with a frequency of 1.3 GHz. A 3.9-GHz rf resonator module (3) controls the longitudinal bunch charge distribution. Two magnetic bunch compressors (4) allow us to generate high-peak-current electron bunches. Two short electromagnetic undulators (5,6) are used for diagnostic purposes. Small magnetic chicanes (8,9) allow us to steer the electron beam around mirrors for photon diagnostics. The HHG drive laser and the HHG target are located outside of the accelerator tunnel. One plane mirror (PM), a mirror triplet (MT), and one spherical mirror (SM) are used to inject the EUV light into a 10-m-long series of variable-gap seeding undulators (7) . Further downstream, the electron beam is sent through a transverse deflecting structure (TDS) and to an electron spectrometer for diagnostic reasons, or to the SASE FEL of the FLASH user facility. measured with a fast longitudinal profile monitor based on single-shot wavelength-resolved THz detection [38] . The undulators are set to a gap value corresponding to approximately 38 nm for the given electron beam energy of 700 MeV. For the precise spectral overlap, the HHG and FEL spectra are measured with the same spectrometer. Typical single-shot SASE spectra, the average over 100 shots of these spectra, and the HHG reference spectrum are shown in Fig. 2(c) . In order to verify that the first undulator module, at which the seeding takes place, contributes significantly to the FEL gain, the undulator gap is scanned. Measuring the gain curve of the FEL assures that the FEL amplifier for the HHG radiation is set up correctly and results in a power gain length of ð0:70 AE 0:04Þ m. Therewith, the average pulse energy hE SASE i of the seeded FEL was measured to be ð1:3 AE 0:5Þ J. To establish the transverse photon-electron overlap within the first undulator module, the EUV seed and the electron beam profiles are measured on cerium-doped YAG screens in front of the first undulator module [ Fig. 2(a) ] and at the exit [ Fig. 2(b) ]. Using the steering capabilities of the seed injection beam line and the corrector magnets, an iterative procedure is used to overlap both beams on these screens without disturbing the FEL amplification performance. The temporal overlap between the laser pulses and the electron bunches is established to the sub-ps level using the timing diagnostics described earlier. To this end, the delay between both pulses is scanned by electronically changing the phase of the synchronization signal for the laser oscillator. The delay is scanned in steps of 100 fs within a range of AE2 ps. Dedicated software analyzes the FEL pulse energy and the data from the spectrometer on a shot-to-shot basis to discriminate the seed signal from unseeded SASE amplification. If one value within a set of about 30 machine parameters is outside of the nominal range for one shot, the software disregards this shot and proceeds until a fixed number of well-defined samples at the same time delay is reached. To clearly identify radiation from the seed process, the seed laser is toggled on and off every two seconds. In total, this procedure assures that possible fluctuations or drifts of any subsystem which would change the SASE pulse energy distribution can be excluded. Figure 3(a) shows the result of two delay scans with a total scan range of 4 ps. For every delay, 200 FEL pulses were evaluated. In the range between t ¼ À0:5 and 0.5 ps, a strong positive correlation between the seed input and the FEL output signal [ Fig. 3(b) ] is observed, demonstrating successful seeding. The width of the curves in Fig. 3 is dominated by the relative laser-electron arrival-time variations, since no active compensation for the arrival time of the laser pulses was used. An alternative analysis of the same data set is presented in Fig. 4 . Without HHG pulses, the FEL generates only SASE radiation and a histogram of the FEL pulse energies assumes the shape of a Gamma probability distribution [39] , plotted as a solid line in Figs. 4(a) and 4(b) . The histograms in these figures comprise the data from Fig. 3 with an activated seed laser. Values with energy contrast >2:5 are accumulated in the rightmost E=hE SASE i bin. Figure 4(a) shows the data in the time range from t ¼ À0:4 to 0.4 ps, while the histogram for the range from t ¼ À1:7 to À0:9 ps is plotted in Fig. 4(b) . Ideally, for each bunch being seeded without any source of spatiotemporal jitter, a probability distribution reflecting the statistics of the HHG pulse energies is expected. However, during the time of this experiment, the arrivaltime spread of the electron bunches has been measured to be 500 fs (peak to peak), which is 25% larger than the typical 
FIG. 2 (color online). Illustration of spatial and spectral overlap.
The upper panels show the normalized spatial distribution of the EUV beam (filled contours) and the electron beam (black contours) (a) in front of and (b) after the first undulator module, respectively (see also Fig. 1 ). Note the different scales. In (c), typical single-shot SASE spectra (solid grey lines), an average SASE spectrum (solid black line), and an HHG spectrum of 20 pulses accumulated and multiplied by 1000 (dotted red line) are plotted.
spread in a single-bunch operation [40] . Therefore, the optimum temporal overlap is achieved only for a fraction of the bunches and the high-energy events are smeared out to lower energy values. Evidently, about 5% of the shots have an energy contrast above 2.5 within the range with temporal overlap [ Fig. 4(a) ]. These events are clearly not compatible with the SASE distribution. In contrast, without any temporal overlap, no significant increase of events with high energy contrast is visible [ Fig. 4(b) ]. Ultimately, the effect of seeding can be seen in the spectral domain. Besides the enhancement of the spectral intensity at the fundamental wavelength, a significant increase of the signal is measured at the second harmonic of the seeded FEL, as shown in Fig 5. A maximum contrast of 36 can be seen between the highest events with seeding, as compared to the mean intensity without seeding.
Furthermore, the gap of the first undulator module as well as the spatial position of the EUV beam were scanned around the nominal overlap region. In all dimensions, seeding is clearly verified and is in good agreement with the measured spectral bandwidth and beam sizes, respectively.
A transverse mode selection takes place during the FEL gain process due to diffraction. For our parameters, we conclude that the gain of the TM 00 mode exceeds all others such that a high degree of transverse coherence exists at the exit of the undulator [41] . Furthermore, a high degree of longitudinal coherence can be concluded from the fact that the EUV seed pulse duration is significantly shorter than 15 fs (rms) [33] , while the FEL coherence time is 7.4 fs (rms) for our parameters [42] . This conclusion is supported by Ref. [43] , where the predominance of a nearly single (thus coherent) longitudinal SASE mode was demonstrated for a sufficiently short electron bunch which has been corroborated by numerical simulation using the code GENESIS 1.3 [44] .
In this Letter, we have reported on the first demonstration of direct FEL seeding at 38 nm. We have observed a maximum spectral contrast between seeded and unseeded FEL pulses of 36. Direct seeding has been observed reproducibly and studied under variation of various parameters. Because of the high electron peak current of 1 kA, the measured power gain length is much shorter compared to previous HHG seeding experiments, which proves that HHG seeding is not prejudiced by effects which come along with high-current electron beams [45] . The fraction of effectively seeded bunches will be increased in the future by applying the intratrain longitudinal feedback system [40] . A further important step will be the realization of two-color cross-correlation experiments [18, 46] providing information on both spectral amplitude and the phase of the amplified light wave. These experiments will reveal to what extent the FEL process preserves the favorable pulse properties of HHG-generated EUV pulses, which is an indispensable precondition for coherent control of correlated electronic and nuclear dynamics with ionizing light fields on the ultrashort sub-50-fs time scales.
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